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IntroductIon
Chronic obstructive pulmonary disease (COPD) is a leading cause of morbidity and mortality worldwide. In the recently published Global Burden of Disease Study 2010, COPD rose from the fourth leading cause of death in 1990 to the third leading cause in 2010 and was the ninth leading cause of years of life lost 1 . Across all age groups, COPD was estimated to cause 2.9 million deaths worldwide in 2010, and prevalence studies suggest that 10% of all adults aged 40 and older have stage II (moderate) or higher airflow obstruction based on the Global Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines 1, 2 . By 2030, COPD is projected to be the direct underlying cause of 7.8% of all deaths and will represent 27% of deaths related to smoking 3 . The essential clinical characteristic of COPD is irreversible expiratory airflow limitation measured by spirometry. These patients usually have chronic bronchitis, chronic bronchiolitis, and/or emphysema present on pathological studies. The pathogenesis involves oxidative stress which causes chronic low grade inflammation in the lung parenchyma, protease-antiprotease imbalance with elastin degradation, impaired tissue repair, and systemic inflammation. These processes are, of course, complex and likely vary from patient to patient. Studies on pathogenesis need to explain why COPD develops in a minority of cigarette smokers, why COPD can progress in some ex-smokers, and why COPD can develop in non-smokers. Both cigarette smoke and other oxidative stress promote cellular senescence (a term describing aging at the cellular level), and accelerated or abnormal aging of the lung tissue could contribute to the development of COPD in some patients 4, 5 . In this review we will discuss the relationship between age and the prevalence and incidence of COPD, studies on telomere length in patients with COPD, and the relationship between telomere length and cellular senescence and programmed cell death.
AgIng And coPd
There is a definite association between COPD and aging, and patients with COPD often present for clinical care in their 60s and 70s. Van Durme and coworkers reported a prospective population based cohort study of subjects older than 55 years living in a suburb of Rotterdam 6 . This study included 7983 participants with a median follow-up of 11 years. The baseline prevalence of COPD was 11.6 %. There was a progressive increase in prevalence until age 79 (16%). The incidence during follow-up was 9.2 cases per 1000 person-years. The highest incidence occurred in study participants ages 75-79 at study entry (12.8 cases per 1000 person-years). The incidence was 4.2 cases per 1000 person-years in never smoking men and 3.8 cases per 1000 person-years in never smoking women. The incidence in never smokers was highest in subjects ages 70-79 at study entry. Lamprecht et al reported a 14 country population based study using spirometry and respiratory questionnaires to determine the prevalence of COPD based on the GOLD criteria 7 . COPD occurred in all countries, was more frequent in current smokers and men, and increased with age. Twenty-three percent of the participants with GOLD stage II + COPD were never smokers; 12.2% of never smokers had GOLD stage I+ COPD. Risk factors for COPD in never smokers included age, work (>10 years) in a high risk occupation, a history of asthma, and a low BMI (< 20 kg/m2). These studies and others demonstrate that COPD is, at least in part, related to aging 8, 9 . This could reflect cumulative particle exposure and the slow accumulation of lung injury over years. It could also reflect an interaction between aging and the pathogenetic processes causing lung injury in smokers. Lung function declines in healthy individuals with age. Pathology studies demonstrate that alveolar dimensions increase, the gas exchange surface area decreases, and elastic tissue supporting peripheral airways decreases. These morphological changes cause predictable changes in lung function with aging. The total lung capacity is stable, but the forced vital capacity falls, and the residual volume increases 10 . Since there is no alveolar wall destruction and no bronchial inflammation, age related changes do not reproduce the usual pathological changes seen in COPD. Hence, COPD in non-smokers is not due just to accelerated aging. But the normal processes associated with aging could contribute to the development of lung disease in both smokers and nonsmokers. Telomere shortening occurs in normal and accelerated aging and in smokers and patients with COPD. It provides a biological marker for aging and has a critical role in cellular senescence and cell death. The latter two processes could promote disease progression.
telomere shortenIng mechAnIsms And length determInAnts
Telomere shortening and replicative senescence may contribute to diverse diseases, including cancers, cardiovascular diseases, neurodegenerative diseases, and COPD. Telomeres are DNA structures and associated proteins at the ends of chromosomes 11 . They are made of non-coding double-stranded repeats of 5'-TTAGGG-3' DNA sequences, which are 9-15,000 bases pairs in humans. They help stabilize DNA and prevent its degradation and gene-to-gene recombination. Telomeres are associated with a group of proteins, called the shelterin complex which includes TRF1, TRF2, POT1, TIN2, TPP1, and Rap 1. This complex recognizes TTAGGG repeats and prevents the DNA repair pathway from recognizing them as DNA breaks. Telomere repeats shorten by 30 to 200 base pairs with each cell division in mature somatic cells due to end-replication problems (the location of the DNA polymerase prevents the synthesis of terminal DNA sequences). When telomeres reach a critical length, their ability to protect the DNA decreases, and cell cycle arrest occurs. These cells enter senescence; they have a change in morphology and a change in gene expression. P53 and p16 pathways are activated, and this leads to programmed cell death or apoptosis. Cellular senescence occurs naturally and represents the end result of the replicative capacity of a cell. It can also occur after oxidative injury or as a consequence of inflammation. Therefore, telomere length is an indicator of biological age 12 .
The enzyme telomerase prevents telomere shortening. This enzyme is a ribonucleoprotein whose RNA can provide a template for elongation of telomere 13, 14 . The core enzyme includes a reverse transcriptase and a RNA sequence containing 451 nucleotides. It is active in germ cells and stem cells (and cancer cells) but is less active or inactive in fully differentiated cells. The alternative length pathway can also maintain telomere length, and this pathway involves homologous recombination mediated DNA copying of the telomeric DNA template 15 .
There is high degree of correlation in the telomere length of white blood cells, umbilical cord cells, and skin of a newborn 16 . In adults, there is high interindividual variability in telomere length, and telomere lengths in different tissues in individual patients are variable 17 . These differences in length among individuals are controlled, in part, by heredity and likely involve multiple genes 18, 19 . However, Huda reported that the length of the telomeres did not correlate well in monozygotic twins. Rather, persons who shared environmental factors had higher correlations in telomere length 20 . Therefore, environmental factors also influence telomere length. For example, Morla et al found that cigarette smoking has a doseresponse relationship with telomere shortening and suggested that systemic inflammation and oxidative stress due to smoking could explain this effect 21 . Oxidative stress causes double-strand breaks in telomeres possibly because of the high guanine content 22 . Guanine is more sensitive to oxidative stress than other bases because of its low oxidation potential 23 and is more likely to be oxidized when in sequence of GG or GGG compared to a single G 24, 25 .
Women aged 20-80 have longer telomeres than men in the same age group; there are no significant differences in telomere lengths of the newborns with regard to gender 26, 27 . These gender differences may be explained by the effect of estrogen on telomerase activity, and Misiti et al have demonstrated that estrogen upregulates the transcription of hTERT, the catalytic subunit of human telomerase 28 . These differences associated with gender may help explain the differences in the incidence of COPD in men and women, but the complexity of interactions among gender, telomere length, and disease progression is beyond the scope of this review.
meAsurIng telomere length
Several assays can measure telomere length, including Southern blot, fluorescence in-situ hybridization (FISH), and quantitative-polymerase chain reaction (q-PCR) based assays 29, 30 . While Southern blotting, which infers telomere length from the optical density of telomere-region restriction fragments, remains the gold standard, the time-consuming nature and low throughput of this procedure combined with inaccuracies from the inclusion of subtelomeric regions have led investigators to evaluate other methods for measurement. Quantitative-FISH (q-FISH), also a complex and labor-intensive technique, offers more precise quantitative measurement based on calculation of the number of telomeric repeats from fluorescence intensity that varies with the number of telomere-specific nucleic acid probes that are attached. However, because only the telomeres of chromosomes in metaphase spreads are measured, senescent cells are not included, and this may bias the results toward increased lengths. The combination of flow cytometry with q-FISH (flow q-FISH) shortens assay time and reduces bias by measuring telomere length of cells in various phases of the cell cycle. Flow q-FISH can also include control cells as a telomere length standard, and this al-lows comparison of telomere length in different cell/ tissue samples with high precision. Finally, the use of qPCR to determine telomere length has become increasingly popular since the original description by Cawthorn in 2002 29, 31 . O'Callaghan improved the measurement of telomere length through quantitative real-time PCR (qRT-PCR) which utilizes 84mer oligonucleotides containing repeats of TTAGGG in known quantities to generate a standard curve from which absolute telomere length from a cell/tissue sample can then be calculated 32 . Multiple investigators have used qRT-PCR in recent studies of telomere length determination in peripheral leukocytes of patients with COPD [33] [34] [35] [36] . Given its accuracy combined with the increasing availability of automated systems that can accommodate 384-well plates for high throughput screening (e.g., Applied Biosystems 7900HT), qRT-PCR will likely be the preferred assay for telomere length measurement in future studies.
telomere length And coPd
Several studies have reported that telomere length is shorter in patients with COPD than in healthy controls [36] [37] [38] . Rode et al 35 tested 46,396 individuals, including 6,770 with COPD, from a general Danish population. They found that telomere length decreased with age, participants with low FEV1/FVC ratios had shorter telomeres, and participants with COPD had shorter telomeres. Subjects with shorter telomeres were 2.06 fold more likely to develop COPD; after adjustment for confounding factors, this risk decreased to 1.15 fold. Mui et al studied 283 patients in a COPD drug trial 38 . Telomere length was shorter in older patients and in patients with lower FEV1/FVC ratios. In addition patients with higher circulating levels of surfactant protein D (an inflammatory marker from the lung) had shorter telomeres. Savale et al compared telomeres length in 136 COPD patients, in 113 age and sex-matched controls, and in 42 nonsmokers without COPD 36 . Patients with COPD had shorter telomeres independent of age, sex and pack-year smoking history, and COPD patients had increased levels of circulating interleukin 6 (a marker of inflammation).The decreased length in COPD occurred in all age groups in this study. Houben et al studied 102 patients with COPD and 19 age matched controls and found that patients had shorter telomeres 37 . These patients also had lower circulating levels of superoxide dismutase which is an antioxidant. Low levels of this enzyme might contribute to increased oxidant related injury in the lung in COPD patients. Morla et al reported that smokers had decreased telomere lengths and that there was a dose-effect relationship between telomere length and cumulative long-life exposure to smoking 21 . This study did not find shorter telomeres in smokers with COPD, but the number of subjects was small. Cigarette smoking did not appear to influence telomere length in studies reported by Savale and Houben, but these patients all had COPD and the inflammatory processes associated with active disease may have had a greater effect on telomere length than cigarette smoke alone. The relationship between COPD severity (based on the pulmonary function tests) and telomere length has been inconsistent in the recent studies, and Houben and Savale did not find a relationship between lung function parameters and telomere length 36, 37 . However, Rode did find that participants in the Danish study with lower FEV1/ FVC ratios (more obstruction) had shorter telomeres.
Lee et al reported that patients with shorter telomeres are at increased risk for all cause and cancerrelated mortality 34 . These investigators measured the telomere length in 4271 patients with mild to moderate COPD and analyzed survival over the next 7.5 years. Patients in the three quartiles with the shortest telomeres had a higher risk for mortality from cancer with a hazard ratio of 1.48 and a higher risk for mortality from all causes with a hazard ratio of 1.29 when compared to the quartile with the longest telomeres. Smoking did not appear to affect the telomere length in the patients with definite COPD. Therefore, telomere length may be an indicator of susceptibility to cancer and mortality in COPD patients.
In summary, patients with COPD have shorter telomeres in circulating leukocytes and lung tissue (discussed below) and short telomeres are associated with an increased all cause and cancer mortality in these patients.
telomeres And the PAthogenesIs of coPd
It is unknown whether telomere shortening is a cause or a consequence of COPD. Oxidative stress and inflammation are important factors in telomere attrition in these patients. In Savale's study, the level of IL-6 was significantly higher in COPD patients with shorter telomeres 36 . In Houben's study, the activity of superoxide dismutase was significantly lower in patients with shorter telomeres 37 . These results suggest that shorter telomeres in COPD patients are the result of increased oxidative stress and inflammation in these patients, rather than shorter telomeres having a causal effect in the development of COPD. However, animal studies suggest that telomere shortening contributes to the development of COPD. Alder studied mice with null telomerase and found that mice with shorter telomeres were more likely to develop emphysema when exposed to chronic cigarette smoke than control mice 39 . Lee studied four generations of mice null for telomerase to measure the effect of telomere shortening on lung tissue and found that the mice with the shortest telomeres developed alveolar wall thinning and increased alveolar size 40 . These studies suggest that telomere shortening could make individuals more susceptible to the development of emphysema and lowers the threshold for damage induced by cigarettes. This process involves cellular senescence and programmed cell death.
Normal aging causes cell loss in alveolar-ca pillary units; inflammation in the lung also leads to cell loss. Alveolar cells replicate to replace these cells but eventually cannot keep up with replacement because of replicative senescence. Then, lost alveolar cells are not replaced, and alveoli increase in size and the surface area decreases. These events create emphysematous changes in lung tissue. Cellular senescence develops during normal aging, during accelerated or abnormal aging, and as a consequence of oxidative injury. Reactive oxygen species can damage cells by directly damaging DNA and shortening telomeres, or by activating transcription factors, such as NFkb which leads to a pro-inflammatory state. Senescent cells release cytokines which stimulate inflammation and perhaps perpetuate it in the absence of ongoing toxic exposures. Studies with lung tissue specimens demonstrate that patients with COPD have increased apoptosis in both endothelial and epithelial cells, and the presence of these cells supports the hypothesis that normal aging and abnormal aging could contribute to the development of emphysema through limitations of lung repair following oxidative injury 5, 41 .
telomere As PhArmAcologIc tArgets
Since telomere shortening is a major determinant for the onset of cellular senescence, telomerase has been considered an attractive target to lengthen telomeres and potentially delay or prevent disease related to aging, including COPD. Cellular senescence was accelerated in both alveolar type 2 and endothelial cells of patients with emphysema, as compared to those in asymptomatic smokers and non-smokers 5 . Additionally, studies in telomerase-null mice exposed to cigarette smoke showed that shortened telomeres were sufficient to cause emphysematous air space enlargement regardless of the extent of the inflammatory response 39 .
Currently, the only developed pharmacologic activator of telomerase is cycloastragenol (TAT2, CAS Registry no. 84605-18-5), a small molecule sapogenin developed by Geron Corporation and TA Therapeutics, Ltd. Only in vitro studies have been reported, but TAT2 has been shown by two groups of investigators to increase telomerase activity levels, retard telomere shortening, increase proliferative capacity, and enhance functional secretion of cytokines in human CD4 and CD8 T lymphocytes 42, 43 . Other phytochemicals, such as resveratrol, genistein, sulforaphane, and silibinine, are also direct or indirect activators of telomerase, and resveratrol has been shown to do so in vitro via upregulation of the NAD-dependent deacetylase SIRT1 in human mammary epithelia and endothelia progenitor cells [44] [45] [46] .
In their classic treatise on the biological hallmarks of cancer, Hanahan and Weinberg cite the re-activation of telomerase to protect chromosomal telomeres in cancer cells as being centrally involved in the acquisition of the capability for unlimited proliferation 47, 48 . The connection between inappropriate telomerase activity and tumorigenesis is an obvious concern in the use of exogenous telomerase activators, particularly in current or former smokers who are at greater risk for the development of multiple types of cancer and whose cells may already have tumorigenic genetic alterations from the oxidant/inflammatory effects and/or the carcinogens in cigarette smoke. Fauce et al noted that the TAT2-induced telomerase activation in T lymphocytes was short term in that telomerase activity returned back to baseline within a few days of stopping treatment with TAT2 42 . However, whether these results extrapolate to other cell types in vitro or to in vivo models of COPD is unknown. More in vitro and in vivo testing is needed to assess both the potential efficacy and consequences of the pharmacologic modulation of telomerase, particularly in animal models of premalignancy to estimate any risk of tumorigenesis.
conclusIon
COPD predominantly occurs in older individuals who have smoked or have been exposed to environmental toxins. Both normal and accelerated aging and cellular senescence could contribute to the development of this disease. Somatic cells enter senescence pathways when their telomeres reach a critical length; these senescent cells can no longer support tissue repair and release cytokines which could promote ongoing inflammation in lung tissue. These cells eventually undergo programmed cell death and drop out of lung tissue. Patients with COPD have shorter telomeres in circulating leukocytes and in lung parenchymal cells. These observations suggest that the oxidant stress in COPD promotes cellular senescence or that accelerated aging contributes to the pathogenesis of COPD. Animals with decreased telomerase activity are more susceptible to cigarette smoke and develop more emphysema than control animals. Therefore, drugs that inhibit telomere shortening or stimulate telomerase activity could alter the progression of lung disease in patients with COPD. However, any studies using drugs with these effects would require careful attention to the development of cancer in patients already at risk for cancer in the lung and other tissues.
Key PoInts
1. Normal and abnormal aging may contribute to the pathogenesis of COPD, especially in ex-smokers and nonsmokers.
2. The length of telomeres decreases during each somatic cell cycle, and at a critical telomere length cells enter replicative senescence and then undergo apoptosis.
3. Lung cells and leukocytes in patients with COPD have shorter telomeres. This is an expected consequence of aging and may also develop as a consequence of oxidant injury from cigarette smoke.
4. The loss of cells in the alveolar region from senescence and cell death reduces the number of cells in epithelium and endothelium and reduces normal cell replication and tissue repair. In addition, senescent cells release cytokines which could stimulate inflammation.
5. More studies on aging and its relationship to COPD may clarify the pathogenesis of COPD and identify alternative approaches to prevention and/or treatment.
